The Afa-family repetitive sequences were isolated from barley (Hordeum vulgare, 2n = 14) and cloned as pHvA14. This sequence distinguished each barley chromosome by in situ hybridization. Double color fluorescence in situ hybridization using pHvA14 and 5S rDNA or HvRT-family sequence (subtelomeric sequence of barley) allocated individual barley chromosomes showing a specific pattern of pHvA14 to chromosome 1H to 7H. As the case of the D genome chromosomes of Aegilops squarrosa and common wheat (Triticum aestivum) hybridized by its Afa-family sequences, the signals of pHvA14 in barley chromosomes tended to appear in the distal regions that do not carry many chromosome band markers. In the telomeric regions these signals always placed in more proximal portions than those of HvRTfamily. Based on the distribution patterns of Afa-family sequences in the chromosomes of barley and D genome chromosomes of wheat, we discuss a possible mechanism of amplification of the repetitive sequences during the evolution of Triticeae. In addition, we show here that HvRT-family also could be used to distinguish individual barley chromosomes from the patterns of in situ hybridization.
The Afa-family repetitive sequences were isolated from barley (Hordeum vulgare, 2n = 14) and cloned as pHvA14. This sequence distinguished each barley chromosome by in situ hybridization. Double color fluorescence in situ hybridization using pHvA14 and 5S rDNA or HvRT-family sequence (subtelomeric sequence of barley) allocated individual barley chromosomes showing a specific pattern of pHvA14 to chromosome 1H to 7H. As the case of the D genome chromosomes of Aegilops squarrosa and common wheat (Triticum aestivum) hybridized by its Afa-family sequences, the signals of pHvA14 in barley chromosomes tended to appear in the distal regions that do not carry many chromosome band markers. In the telomeric regions these signals always placed in more proximal portions than those of HvRTfamily. Based on the distribution patterns of Afa-family sequences in the chromosomes of barley and D genome chromosomes of wheat, we discuss a possible mechanism of amplification of the repetitive sequences during the evolution of Triticeae. In addition, we show here that HvRT-family also could be used to distinguish individual barley chromosomes from the patterns of in situ hybridization.
INTRODUCTION
Tribe Triticeae (Gramineae) includes many important crop plants like wheat, rye, and barley. All the genomes recognized in this tribe contain seven chromosomes. Between different genomes, there is a great deal of similarity with regard to nature and order of genes located on the chromosomes, and therefore the seven chromosomes, in stricter sense, constitute seven homoeologous groups. The homoeology of the chromosomes was first analyzed by functional compensation under nullisomic-tetrasomic combinations (Sears, 1965) . Recent linkage map based on restriction fragment length polymorphism (RFLP) demonstrated surprising similarities between even distantly related genomes (for review, see Moore et al., 1995) .
On the other hand, repetitive sequences are rather genome specific. The amount and distribution of repetitive sequences are various among genomes, but relatively equal among chromosomes in a certain genome. The Afa-family repetitive sequence is one of such sequence (Nagaki et al., 1995) . This sequence was first isolated as pAs1 from Aegilops squarrosa L. (2n = 14, genome DD), and described as a D-genome specific repetitive sequence (Rayburn and Gill, 1986a, b) . Later its occurrence was not only detected in Hordeum vulgare (barley) and its relative H. chilense (Anamthawat-Jónsson and Heslop-Harrison, 1993; Cabrera et al., 1995) but among the other genome of Triticeae as well (Nagaki et al., 1995, unpublished data) . The copy numbers among genomes were various. In the D genome of common wheat (Triticum aestivum L., 2n = 42, genome AABBDD), for example, the copy number was about 100 fold more than in the B genome. The genome specific and/ or differentiate amplification of common sequences might have played a pivotal role in genome characterization.
Previously Isono et al. (1991) reported that the pAs1 sequences from Ae. squarrosa hybridized strongly to barley chromosomes under a low stringency condition. All the barley chromosomes could be distinguished by the patterns of in situ hybridization. However, the signal consistency was the problem to be solved under standard washing condition. This paper deals with measures to solve this discrepancy. In addition, the relative comparison of the signal patterns of barley and D genome chromosomes of wheat gives information regarding the importance of amplification and perpetuation of these sequences during genome evolution.
MATERIALS AND METHODS
Plant materials and in situ hybridization. Barley, H. vulgare L. cv. 'Betzes', and wheat addition lines carrying a pair of whole or telocentric chromosomes of Betzes (Islam et al., 1981 (Islam et al., , 1983 , maintained in the Germplasm Bank of Kihara Institute for Biological Research, were employed in the present study.
The chromosome preparations for in situ hybridization were made by the acetocarmine squash method. The in situ hybridization was carried out as described previously (Tsujimoto and Niwa, 1992) with some modifications: After removal of the cover slips by the dry ice method, the slides bearing chromosomes were immersed in 45% acetic acid at room temperature for 5 min followed by air drying and denaturation of chromosomal DNA by incubating the specimens in 70% formamide-2 × SSC for 2 min. Treatment with streptavidin-horse-radish peroxidase complex was prolonged to 45 min and detection with DAB to 30 min. The stringent washing after hybridization was done in 2 × SSC at 37°C for 15 min. This is called "standard stringent condition" in this paper. For low stringency hybridization, the slides after hybridization were washed in ice-cold 2 × SSC, Triton-PBS and PBS for 15, 2, and 5 min, respectively. For probing, the plasmids pAs1 (Rayburn and Gill, 1986a ) and pHvA14 (present study) containing the Afafamily sequences of barley were used. To distinguish barley chromosomes, we adopted multicolor fluorescence in situ hybridization (FISH) using PCR-amplified fragments from barley genome of 5S rDNA and HvRT family (Belostotsky and Ananiev, 1990) as well as pHvA14. For the amplification of the HvRT family sequence, we used the following PCR primers: 5'-CGAAACTCGCATTTTTGGCC and 5'-AGAGTTCCCGTAACCGGCCC. The method of multicolor FISH with standard washing was the same as described by Mukai (1996a, b) . The chromosome nomenclature of barley was followed to the agreement of the Seventh International Barley Genetics Symposium; 1H-7H (Linde-Laursen et al., 1997) Cloning and DNA sequencing. Afa-family sequences of barley were specifically amplified by PCR with phosphorated AS-A and AS-B primers (Nagaki et al., 1995) and cloned in a plasmid vector pBluescript II SK (-) (Stratagene). Among the several clones in the library, one carrying the longest insert (pHvA14, ca. 500 bp) was selected and used for the present study. The nucleotide sequence of this clone was determined with an automatic DNA sequencer (LI-COR) using SequiTherm cycle-sequencing kit-LC (Epicenter Technology). The sequence was analyzed with GENETYX (Software Development Co.). The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases with the accession number D82997. 
RESULTS

Distinction of individual barley chromosomes by in situ hybridization with pAs1 under low stringency.
Under standard stringency conditions of washing, barley chromosomes showed hybridization signals of pAs1 in the telomeric regions only. With lowering of the stringency, stronger signals appeared not only in the telomeric but also in the interstitial and proximal regions of the chromosomes. From the hybridization pattern of the signals, the seven chromosomes of the haploid set could be clearly distinguished from each other (Fig. 1A) . The nucleolar chromosomes 5H and 6H could be distinguished from each other by the size of satellite. The other chromosomes were identified by the use of the other probes as well (see below).
Isolation of pAs1 homologue from barley. The sequences homologous to pAs1, which might show more signals on barley chromosomes even under the standard washing condition of in situ hybridization, were isolated directly from barley. The Afa-family repetitive sequences could be specifically amplified by PCR using Afa-family specific primers (Nagaki et al., 1995) . Four clones of PCR fragments were tried as probes for in situ hybridization with the barley chromosomes. One clone carrying the longest sequence (pHvA14) showed the strongest signals. Even after washing under the standard stringency condition, pHvA14 showed signals as clear as those obtained by pAs1 under a lower stringency condition ( Fig. 1B) .
Homology of Afa-family sequences of wheat and barley. The clone, pHvA14 carried 474 bp of the Afa-family sequence of barley. The insert consisted of two PCR fragments, one of which was truncated at the 34 bp from the AS-A primer of this PCR (Fig. 2) . Homology of the sequence was 87.3% to 234-489 bp region of pAs1. This variation discriminated the Afa-family sequences of barley from those of wheat in in situ hybridization in standard washing condition.
Identification of individual barley chromosomes.
In situ hybridization of the barley telocentric addition lines of common wheat with Afa-family sequences identified barley chromosome 2H, 3H, 4H, and 7H and satellited chromosomes 5H and 6H. Because we did not have telocentric chromosome addition lines of chromosome 1H the remaining one chromosome was assumed to be chromosome 1H.
With multicolor fluorescence in situ hybridization (FISH), we confirmed the above chromosome allocation. In this FISH, probes of pHvA14 and 5S rDNA or the HvRT family were used simultaneously for the hybridization.
The chromosomal locations of 5S rDNA have been reported to identify all the seven chromosomes of barley (Leitch and Heslop-Harrison, 1993; Fukui et al., 1994) . The HvRT family (Belostotsky and Ananiev, 1990 ) is known to be located at 12 out of 14 chromosome ends of barley (Röder et al., 1990) . We found here that all of the barley chromosome could be identified only with this repetitive sequence (Fig. 1C) : Chromosome 1H carried large and small signals at the short-and long-arm ends, respectively. Chromosome 2H had only one large signal only at the short- arm end. Chromosome 3H carried a large signal at the short-arm end and an inconsistent faint signal at the longarm end. Chromosome 4H had medium signals at both short-and long-arm ends. Chromosome 5H with a satellite carried a large and an inconsistent faint signal at the short-and long-arm ends, respectively. Chromosome 6H with a satellite showed medium and large signals at the short-and long-arm ends, respectively. Chromosome 7H had small and medium signals at the short-and long-arm ends, respectively.
Following the patterns of FISH with 5S rDNA and the HvRT repetitive family, the hybridization patterns of pHvA14 on respective chromosomes were determined (Fig.  3 ). In addition, the identification was confirmed by using the barley telosomic lines (Fig. 4 ). All the seven barley chromosomes were identified only by the hybridization patterns of pHvA14. The distribution patterns of the Afafamily repetitive sequences on the seven barley chromosomes are described below.
Chromosome 1H carried duplicate large blocks of signals on the telomeric and subtelomeric regions of its short arm. On the long arm two faint signals appeared inconsistently in the middle and subtelomeric regions.
Chromosome 2H carried large signals at terminal regions of both arms. The characteristic feature of this particular chromosome was the occurrence of two and one medium sized signals at interstitial and subtelomeric regions of the short and long arms, respectively.
Chromosome 3H also carried large signals at terminal regions of both arms. However, medium signals at proximal regions of both arms served to indicate this chromosome. Two small signals appeared inconsistently in the interstitial region of the short arm.
Chromosome 4H was easily distinguishable from the others because it carried no large signals. Three small sig-nals appeared at the terminal, subterminal, and interstitial regions of the long arm. Small interstitial and medium proximal signals appeared on the short arm.
Chromosome 5H carried large blocks of the signals in its satellite region almost harboring whole of this region. The satellite seemed to be filled with the signals. One mediumsized signal appeared in the short arm non-satellite region adjacent to the nucleolar organizing region (NOR). Two small signals also appeared in the interstitial and proximal regions of the short arm. Two distinct signals appeared in the telomeric and interstitial regions of the long arm, which had a background of many faint signals distributed over its distal half. Like chromosome 5H, chromosome 6H also carried large blocks of the signals in the satellite region in addition to medium signals on the short arm non-satellite region adjacent to the NOR. Many faint signals were distributed all over the long arm, with especially greater density in the subtelomeric and proximal regions.
Chromosome 7H carried large duplicate signals in telomeric and subtelomeric regions in both short and long arms. A large signal at the proximal region of the short arm was characteristic of this chromosome. A few small signals appeared also in the interstitial regions of both arms.
As in the case of D genome chromosomes of wheat, signals of the Afa-family sequences appeared more frequently in the distal regions of the barley chromosomes (Fig. 5) . It is noticeable that significantly more signals could be seen in both the satellites of chromosome 5H and 6H in comparison with the other parts of the short arms.
In any chromosome ends where both pHvA14 and HvRT signals appeared, the latter occurred more distally. In interphase nuclei the HvRT family sequences mostly formed large blocks, whereas the signals of pHvA14 were scattered in a few remarkable large blocks (Fig. 6 ). These indicated that terminal heterochromatin was formed only in the very distal region carrying HvRT family sequences.
DISCUSSION
Distribution of Afa-family repetitive sequences.
Many taxonomic and genetic studies have indicated that barley and Ae. squarrosa are rather distantly related each other in the tribe Triticeae. The patterns of N-and Cbands, which reflect the distribution of the heterochromatin over the chromosomes, are quite different between barley and Ae. squarrosa (Noda and Kasha, 1978; Singh and Tsuchiya, 1982; Friebe et al., 1992; Fukui and Kakeda, 1990; Liu et al., 1997) . However, the present results clearly showed that the distribution patterns of the Afa-family repetitive sequences in the individual barley chromosomes were similar to those of the homoeologous chromosome of Ae. squarrosa (Rayburn and Gill, 1986b; Cabrera et al., 1994) . This does not necessarily mean similarity of the chromosome constitution of the both species, nor relatedness between barley and Ae. squarrosa. Nagaki et al. (unpublished data) determined the DNA sequences of many members of the Afa-family in Triticeae and demonstrated that the sequences had amplified several times during the course of speciation in Triticeae using a single sequence each time as the master template of the amplification. The base sequences of the Afa-family from barley did not have the characteristics of those of Ae. squarrosa (Nagaki et al., 1995, unpublished data) . Homology between the pHvA14 sequence from barley and pAs1 from Ae. squarrosa was 87.3 %. This may be the main cause of detecting signals on barley chromosomes hybridized by pAs1 only under low stringent condition, but by pHvA14 under standard washing condition.
The results from RFLP mapping analyses in wheat using chromosome deletion lines suggested that the chromosomes of wheat are compartmentalized into gene-rich and gene-poor regions (Gill et al., 1993 (Gill et al., , 1996a . In addition, the gene-rich regions tend to be present on the distal parts of the chromosomes where recombinations are highly promoted. N-and C-bands reflecting heterochromatic regions locate mainly to proximal regions in the barley chromosomes. The evidence infers that the chromatin constitution in distal regions of the chromosomes may be more relaxed than the proximal regions. The Afa-family sequences tend to distribute in those distal regions. This means that the amplification events of the sequences occurred not randomly but preferentially. It is noteworthy that both the satellites of chromosomes 5H and 6H were filled with strong signals of Afa-family sequences. Satellites are chromosomal regions which are physically separated from others by nucleolar organizing region. RFLP analyses indicated that recombination in the satellites were dramatically high in comparison to the proximal regions of short arms (for example, Kleinhofs et al., 1993) . Accumulation of the Afa- family sequences in the satellite regions implies that amplification of the Afa-family repetitive sequences was mediated by recombination and/or transcription. Although the genome of Ae. squarrosa does not carry such remarkable satellites as those of barley genome, the tendency that recombination frequencies of RFLP markers are higher in distal regions coincides with that the signal are distributed in distal regions (Gill et al., 1996a, b) .
Use of Afa-family sequences as chromosome landmarks. Brandes et al. (1995) obtained results similar to those of the present study. They used pAs1 (a clone of Afafamily sequences derived from D genome, Rayburn and Gill, 1986a ) as a probe for in situ hybridization with the translocation line of barley (cv. 'Frigga'). They found that this sequence hybridized mostly to telomeric regions of the chromosomes. They indicated that at most chromosome ends pAs1 signals appeared at the same position as HvT01 (an HvRT family sequence). At two ends, the signals of HvT01 were more distal than those of pAs1. In the present study, we showed that the signals of HvRT sequences were always located distal to those of Afa-family sequences (Fig.  3B) .
In interphase nuclei, HvRT sequences formed large condensed blocks (Fig. 6 ). These blocks also appeared in the hybridization of 350-bp family sequences with Secale cereale, Critesion bogdanii, and Pseudoroegneria libanotica chromosomes (Appels, 1989; Tsujimoto and Gill, 1991; Tsujimoto, unpublished data) , indicating thereby that distal heterochromatin regions of Triticeae chromosomes remain condensed even in the interphase. The Afa-family sequences were located proximal to the HvRT repetitive sequences, and did not always formed condensed blocks like the HvRT family in interphase (Fig. 6) . Busch et al. (1995) isolated a barley sequence homologous to pAs1 by microdissection and distinguished all the chromosomes of the barley cultivar 'Marinka' by FISH using the sequence as a probe. The FISH pattern was similar to, but showed some differences from that of the present investigation using pHvA14. One example is chromosome 4H. In this study, chromosome 4H was remarkable because of the lack of prominent signals in the terminal regions. However, the 4H of Busch et al. (1995) was characterized by prominent signals at the telomeric region in both arms. Similar differences were seen in all seven chromosomes. These differences may be attributable to intraspecific variation of barley and/or the different clones used.
